This study was done to assess the capacity of tissue, injured by varying periods of total ischemia, to perform integrated cellular functions. The principal aim was to learn the nature of the associations between the decreasing ATP of the ischemic tissue and the appearance of defective high energy phosphate regeneration, cell volume and ion regulation, and membrane permeability. Total ischemia in vitro was produced by incubating papillary muscles from dog hearts at 37°C. Slices were cut from control tissue and from injured tissue after 60-150 minutes of total ischemia. We incubated these slice § in oxygenated phosphate Krebs-Ringer phosphate buffer containing M C-inulin in order to assess their capacity to resynthesize ATP and CP. to maintain ion gradients and water content, and to retain membrane impermeability to inulin and creatine. The results demonstrate that there was a close association between ATP depletion and the failure of the damaged tissue to regenerate high energy phosphates, and to preserve cell volume and ionic regulation. As long as the ATP of the tissue was not depleted below 6 fimol/g dry weight prior to incubation, no cellular abnormalities were detected by subsequent aerobic incubation of slices of the injured tissue. However, lower ATP levels were associated with depressed high energy phosphate resynthesis and failure of cell volume regulation. These defects preceded the development of overt membrane damage, which occurred only after the tissue ATP content decreased to less than 2.0 pmol/g. When overt membrane damage was present, it was associated with marked Impairment of other integrated cellular functions. Although the pathogenesis of the membrane damage in ischemia is unknown, its presence is an objective sign of lethal injury in this system. Ore Re* 49: 901-911, 19S1 altered membrane permeability. Because irreversible ischemic cell injury does not develop simultaneously throughout an area of ischemia in vivo, an in vitro model of total ischemia was employed to produce large samples of uniformly injured myocardium.
THE onset of irreversible myocardial ischemic injury in vivo is associated with marked depletion of ATP and with breaks in the plasmalemma of the sarcolemma (Jennings et. al., 1978; Jennings and Reimer, 1979) . Incubation of slices of the damaged tissue in vitro has demonstrated concomitant loss of cell volume regulation, loss of the capacity to maintain normal ionic gradients, and inability to exclude inulin from the intracellular fluid Jennings et al., 1978) . Based on these observations, we have hypothesized that marked ATP depletion results in irreparable loss of membrane function and thereby mediates the onset of irreversible injury (Jennings et al., 1978) . In theory, cell volume and ionic regulation could fail either because insufficient ATP is available to fuel membrane ionic pumps, because the pumps are damaged, or because altered membrane permeability permits more rapid loss of ionic gradients.
The present study was designed to assess more precisely the associations between tissue ATP content, loss of cell volume and ionic regulation, and VOL. 49, No. 4, OCTOBER 1981 from the water bath and slices were cut from a portion of the ischemic tissue for analysis of metabolites, electrolytes, and cell volume control (Figure 1) .
Ten thin slices (0.5 mm or less thick, 30-150 mg) were cut with a hand-held razor blade , from control myocardium and from ischemic tissue at each sampling time (Fig. 1) . The first two slices were weighed immediately on a Cahn model DTL microbalance and transferred to icecold 3.6% perchloric acid (PCA) for metabolite assay (see below). Two additional slices were weighed and transferred to rinsed, ion-free vials (Coming minivials) for analysis of total tissue water (TTW) and electrolytes (see below).
The remaining six slices were used for analysis of cell volume regulation. They were incubated for 1 hour in 15 ml of oxygenated Krebs-Ringer phosphate (KRP) containing 30 mmol mannitol, 1% bovine serum albumin (Pentax from Miles Laboratories), and trace quantities of H C-hydroxymethylinulin. The KRP was prepared fresh for each experiment using analytic, reagent grade chemicals. The final medium was pH 7.1-7.4 and contained the following ions, in millimoles per liter Na + , 151.6; K + , 4.81; Ca 2+ , 1.29; Mg^, 1.20; SO 4 2 ", 1.24; PO 4 , 15.63, and Cl, 121.7 . The flasks containing the incubating slices were continuously equilibrated with humidified 100% oxygen and were shaken 180 times/min.
At the end of incubation, the slices were removed, dipped into 0.25 M sucrose to remove excess KRP, blotted on Whatman no. 1 filter paper, and weighed. Two slices were used for analysis of electrolytes, two for metabolites, and two for the inulin diffusible space (IDS) (Fig. 1 ).
Metabolites
For metabolite assays, the slices in PCA were homogenized with a Tri-R homogenizer and neu- tralized to pH 5.5-6.0 with KzCO, and KOH. The extracts were centrifuged to remove KCIO4 and the supernatant was frozen at -70°C. Samples were subsequently assayed by enzymatic techniques for lactate (Lowry and Passoneau, 1972) , adenosine triphosphate (ATP) (Lamprecht and Trautschold, 1974) , adenosine diphosphate (ADP) (Jawouk et al., 1974) , adenosine monophosphate (AMP) (Jawouk et al., 1974) , creatine phosphate (CP) (Lamprecht and Trautschold, 1974) , creatine (Bemt et al., 1974) , and glucose-6-phosphate (G6P) (Lamprecht and Trautschold, 1974) . Total adenine nucleotides (XAd) were calculated as ATP + ADP + AMP, total creatine (2Cr) was CP + creatine, total high energy phosphates (HEP) were CP + ATP, and the adenylate charge was (ATP + V4ADP)/ SAd (Atkinson, 1968) . [Note that this definition of HEP differs from that used in the first paper of this series in which the total number of high energy phosphate bonds was = CP + (2 X ATP) + ADP .] Slices used for analysis of electrolytes or IDS were dried for 6-24 hours at 105 °C. The dry slices were reweighed and the TTW calculated as ml H2O/ 100 g dry tissue.
Electrolytes
Electrolytes were extracted from each dried slice in 5 ml of 0.75 N HNO3 according to techniques described previously (Jennings et al., 1957; Jennings et al., 1970) . Briefly, Mg 2 *, Na + , and K + were determined in a 1 to 100 dilution containing 5000 ppm of RbCl. Ca 2+ was determined in a 1 to 10 dilution containing 10,000 ppm La 3+ . These dilutions were done in ion-free glassware, verified prior to use to contain no detectable sodium. All four electrolytes were measured in an IL 351 atomic absorption spectrophotometer interfaced with a Tektronix model 31 computer calculator. Standard curves were prepared for all four ions, and two water standards equivalent to 100 mg of myocardium and two reagent blanks were analyzed with every series of unknowns.
IDS
The dry slices used to measure the IDS were rehydrated by the addition of one or two drops of deionized water, and were solubilized in Soluene 350 (Packard). U C activity was counted in a Packard liquid scintillation counter. The IDS was calculated as ml H2O/IOO g dry tissue .
Statistics
All data are given as means ± the standard error of the mean. Statistical comparisons were made using a two-tailed paired t-test between control and ischemic samples from each heart. The average of results from duplicate slices were U3ed as single data points.
Results

Effect of Ischemia on High Energy Phosphate and Other Metabolites
Rapid degradation of high energy phosphates occurred even during the brief period required to cut and cool control samples. Control myocardium contained 29.2 ± 0.8 /unol/g dry weight of high energy phosphates (HEP) of which 24.2 ± 0.7 was ATP and 5.0 ± 0.3 was CP (Table 1) . This control ATP is similar to ATP levels obtained by rapidfreezing techniques (Braasch et al., 1968) , but the CP levels are much less, Presumably, the relative preservation of ATP during the initial sampling period was achieved by the conversion of CP to ATP via the creatine kinase reaction.
During total ischemia, there was further progressive depletion of HEP so that by 90 minutes, only 7.5% of the control HEP remained (Table 1) . Creatine produced from degradation of CP was not further metabolized; thus, total creatine remained constant throughout 150 minutes of ischemia (Table 1) . In contrast, the degradation of ATP was associated with a concomitant degradation of total adenine nucleotides (Table 1 ; Fig. 2 ). Initially, ADP decreased slowly and AMP was relatively constant, indicating that both compounds were being utilized or further degraded as rapidly as they were produced. However, after 90 minutes of ischemia, when the rate of ATP and SAd degradation was slowing, the AMP of the tissue increased 2.7 times over that found at 60 minutes. By 2 hours of ischemia, virtually no ATP (1.6%) remained and ADP was 43% of control. At this time, the rate of 2Ad destruction had slowed greatly and AMP had become the nucleotide in highest concentration in the tissue.
Changes in High Energy Phosphates and Other Metabolites in Incubated Slices
Preparation and incubation of slices of either control or ischemic myocardium in oxygenated me- 
Abbreviations are as follows: CP -creatine phosphate; HEP -total high energy phosphate -CP 4-ATP, -total adenine nucleotide* -ATP + ADP + AMP; adenylate charge •= (ATP + 05 ADP)/£AD; £CR -total creatine -CP +• creatine. All data are expressed m junol/g dry weight ± SEM. Data from each heart were based on duplicate measurements obtained from the totally ischemic tissue of six of the seven dogs in the study Tissue from one dog was lost during processing. The number of hearts studied at each time is shown in parentheses. Statistical comparisons were made between control and ischemic tissue from the same heart* using a paired (-test.
• P < 0 O S ; f P < 0 0 1 ; 4 : P < 0001. VOL. 49, No. 4, OCTOBER 1981 hi (SLAd) in parallel with the depletion of ATP during total ischemia is illustrated. Adenosine diphosphate (ADP) content decreased slowly throughout 150 minutes of total ischemia. Adenosine monophosphate (AMP) content was unchanged at 60 minutes but increased between 60 and 120 minutes, suggesting either that 5'-nucleotidase was becoming inhibited or that AMP was being sequestered in a compartment inaccessible to this enzyme. dia resulted in the loss of a portion of the total creatine and adenine nucleotides present before incubation, presumably because of washout from damaged cells on the edges of the slices (Tables 1 and 2; Fig. 3 ). Adenine nucleotide loss was disproportionately greater from control than from ischemic slices. The cause of this disproportionate loss is unknown. Previous studies have shown that this loss occurs during the first 5 minutes of incubation (Jennings et al., unpublished observations) . It may be due to accelerated production of AMP and adenosine (ADO), with loss of the ADO by diffusion from the cold slice into the medium during the initial equilibration and warmup to 37°C. The total nucleotide content of incubated slices, either control or injured, was never greater than that present prior to incubation. Thus, no detectable de novo synthesis of adenine nucleotides occurred during aerobic slice incubation.
Nevertheless, resumption of aerobic metabolism was associated with restoration of the adenylate charge and with resynthesis of significant quantities of CP in control slices or in slices ischemic for only 60 minutes (Tables 1 and 2) . However, with progressively longer periods of ischemic injury, slices were not able to fully re-energize even the small quantities of ADP and AMP remaining. Thus, the adenylate charge was 0.6 or less after 75 or more minutes of ischemia (Table 2) and was associated with a great reduction in the capacity of the heart to resynthesize CP (Table 2 ; Fig. 4 ).
The failure of slices to re-synthesize creatine phosphate during aerobic incubation was related closely to the ATP content of the ischemic tissue prior to incubation (Fig. 5 ). As long as the tissue ATP was >5.0 ^mol/g dry, CP synthesis was equivalent to that of control shces. Conversely, an initial ATP content of 2.5 or less invariably was associated with depressed CP resynthesis.
The low energy charge and depressed creatine phosphate synthesis is indicative of failure of glycolytic or mitochondrial energy production and/or transport. The high slice contents of G6P and lactate suggest that anaerobic glycolysis was still occurring under aerobic conditions and that mitochondrial function was partially or completely inhibited especially in slices of tissue injured by 90 or more minutes of total ischemia. Exhaustion of supplies of substrate seems an unlikely explanation for the apparent mitochondrial failure. It previously has been shown that glycogen is still present in totally ischemic tissue at these times. Also lactate, long chain acyl-Co A (Neely and Feuvray, 1981) , fatty acids, and pyruvate all accumulate in ischemic tissue and are available as endogenous mitochondrial substrates. Finally, the fact that the lactate content of the slices was increased after 60, 75, 90, and 120 minutes of ischemia suggests that the mitochondria were unable to metabolize lactate and/ or pyruvate.
The calcium content of all slices was increased compared to the intact tissue, presumably because of calcium entry into damaged cells on the slice surface (Table 3 ). The average slice calcium content was higher in slices with an adenylate charge of <0.75 than in shces with higher adenylate charge. However, the point scatter was too great to either substantiate or rule out calcium overload as a cause of mitochondrial failure.
Changes in Cellular Membrane Permeability in Incubated Slices
Inulin with a molecular weight of 5000 is excluded from normal cells. Thus, the inulin diffusable space (IDS) of incubated slices is a measure of the extracellular space plus the intracellular space of damaged cells which have permitted the entry of inulin molecules. Control myocardium had an IDS of 94 ± 4 ml/100 g which was 30% of the total tissue water.
The IDS was unchanged after 60 minutes of ischemic injury but progressively increased with longer periods of injury, reaching 220 ml/100 g at 150 minutes (Table 3 ). The latter IDS was 54% of the TTW. Because electron microscopy of such slices has not demonstrated interstitial edema Jennings et al., 1978) , this increased IDS indicated that inulin entered pro- 30.9 ±2.2 (7) 13.95 ±0.63 (7) 283 ±0.05 (7) 0.44 ±0.08 (7) 0.89 ±0.02 (7) 17.22 ±0.68 (7) 18.6 ±1.5
49.6 ±2.5
3.79 ±1.10 (7) 0.92 ±0.18 (7) 60 36.8* ±2.5 (7) 31.6 ±1.3 (7) 7.34$ ±0.73 (7) 2.55f ±0.07 (7) 0.48 ±0.10 (7) 0.82:): ±0.01 (7) 10.36+: ±0 74 (7) 30.9$ ±1.1
62.5t ±1.8
27.4 ±4.5 (7) 2.6t ±0.5 (7) 7.45$: ±2.24 (7) 2.01$ ±0.66 (7) 2.18$ ±0. 10 17) 0.63 ±0.07 (7) 0.60$ ±0.04 (7) 4.82$ ±0.79 (7) 32.1* ±4.9
39.6 ±6.5
37.5$ ±9.1 (7)
3.9' 1.1 Abbreviations are those used in Table 1 G6P • glucose-6-phtwphate Data from each heart were the mean of measurements from two slices at each time The number of hearts studied at each time is shown in parentheses. Statistical comparisons were made between control and iachemic slices from the same heartK ufiing a paired £-test • P < 0.05, } P< 0.01; $ P < 0.001. gressively more cells as the duration of injury was increased. Although the exclusion of inulin from 46% of the TTW after 150 minutes of ischemia could have been due to the preservation of many myocytes or lack of injury to interstitial cells and capillaries, it seems much more likely that the IDS underestimated the number of cells with plasmalemmal defects. The inulin space reaches equilibrium after 20-30 minutes of incubation in slices of normal tissue . However, it seems likely that it will take longer to equilibrate with the intracellular water through foci of plasrnalernmal damage, such that equilibration might still be incomplete at the end of the 60-minute incubation period. Also, the intracellular inulin may be excluded from mitochondria, which occupy about 30% of the volume of the dog myocyte, and/ or nuclei. Such compartmentation also would explain why the IDS did not approach the TTW. Creatine loss from slices to the incubation medium provided a second measure of altered membrane permeability. Control slices and slices of myocardium injured by 60 minutes of ischemia retained more than 50% of the total creatine present in the tissue prior to slice incubation. With longer periods of injury, more creatine was lost from the slices to the medium and, by 150 minutes, slices retained only 12% of their original total creatine (Tables 1 and 2). Creatine loss and inulin influx both were detected simultaneously after 90 minutes VOL. 49, No. 4 of ischemia and, within individual slices, there was a close inverse association between the two events ( Fig. 6 ).
In two of seven experiments, creatine loss may have preceded inulin entry, but the two markers of increased membrane permeability were detected concurrently in the other five experiments. Thus, increased membrane permeability to the small 135 mol. wt. creatine molecule was, at most, a brief transitional state which was followed by the apparently abrupt development of defects large enough to admit the large (5000 mol. wt) inulin molecule.
Both indices of membrane permeability became abnormal in later samples and at lower tissue ATP levels, compared to the development of abnormal indices of energy production. Increased membrane permeability to these markers was not observed in any slice with more than 2.5 jumol/g of ATP, and this evidence of membrane damage was not invariably detected, even at ATP levels of less than 1.0 /imol/g (Fig. 7 ). All slices with increased membrane permeability had markedly depressed CP synthesis. Conversely, membrane impermeability to creatine and inulin still was present in a few slices with a markedly reduced capacity to synthesize CP (Fig.  8) .
Changes in Cell Volume Regulation in Incubated Slices
Slices of control myocardium maintained relatively normal water and electrolyte contents (Table   3 ). There was a modest gain of sodium and calcium and a modest loss of potassium and magnesium which was expected because of damaged or cut cells on the surfaces of the slices. Slices of myocardium injured by up to 75 minutes of ischemia were able to maintain electrolyte contents similar to those of control slices. However, after 90 or more minutes of ischemia, progressive loss of cell volume and ionic regulation occurred, manifested by a progressive influx of Na + , Ca 2+ , and water, and by loss of K + and Mg* + (Table 3) . By 150 minutes, K + was reduced by 73% and Ca 2+ was increased by 56% compared to control slices. The sodium content of these slices indicated nearly complete equilibration with the sodium concentration of the medium (0.152 mmol Na + /ml medium X 405 ml H 2 O/100 g dry weight -63 mmol Na + /100 g dry weight expected for complete equilibration).
Either overt plasmalemmal damage or insufficient HEP production to run the membrane pumps (e.g., Na + /K + ATPase) could cause defective cell volume regulation. Since electrolytes of the media should have ready access to the sarcoplasm of cells with membrane defects, we expected to find and found that every slice with an increased IDS also demonstrated an increased Na + and water content. The capacity of control or injured slices to resume HEP production during incubation was indicated by creatine phosphate resynthesis and by the adenylate charge ratio. The dashed lines mark two standard deviations below the control means of these indices, and the data are plotted irrespective of the duration of total ischemia. The adenylate charge in this context represents the capacity of the adenine nucleotide pool remaining in the tissue to resynthesize ATP. If synthesis were complete, the adenylate charge would be 1.0, whereas slices containing only AMP would have a charge ofO. Synthesis of CP from creatine indicates that net ATP is available, that creatine kinase is functional, and that all substrates and cofactors for the reaction, including Mg 2 *, ADP, and creatine, are present. Note that an adenylate charge ratio of less than 0.75 always was associated with a reduced capacity to resynthesize CP. The capacity of control or injured slices to regenerate high energy phosphates during incubation, as measured by the slice CP content, is compared to the tissue ATP content prior to incubation. The dashed lines mark two standard deviations below the mean control CP content. The data are plotted irrespective of the duration of total ischemia. Regeneration of high energy phosphates to control or near control levels occurred in all slices from tissue with an initial ATP of at least 5.0 limol/g dry weight, whereas energy metabolism was defective when tissue ATP was <5.0 \unol/g dry.
However, some slices with a relatively normal IDS showed a disproportionately high sodium content (Fig. 9) . These observations are the principal evidence that defective cell volume regulation preceded the development of overt membrane damage. Total Creolme fi moles/g dry weight FIGURE 6 Membrane damage was indicated by increased permeability to inulin and creatine. The dashed lines mark two standard deviations above or below the control mean IDS or total creatine content, respectively. The data are plotted irrespective of the duration of total ischemia. There was a close inverse association betu>een an increased inulin space and creatine loss as two indices of increased cell membrane permeability.
Also, there was a close association between increased slice sodium content and decreased adenylate charge ratio (Fig. 9) , which indicates that failure to preserve cell volume and ionic gradients always was associated with failure to restore HEP production. Loss of volume control always occurred Effect of ischemia and subsequent slice incubation on total tissue water, inulin diffusible space, and electrolytes. The total tissue water (TTW) and inulin diffusible space (IDS) are expressed in ml/100 g dry tissue and electrolytes in mmol/100 g dry useue plue or minus the standard error of the mean. Data from each heart were based on measurements from two slices from each time except for the TTW, which was measured in four slices at each time (the two used for the IDS determination and the two used for electrolyte determination). The number of hearts studied at each time is shown in parentheses. Statistical comparisons were made between incubated control (0 time) and iflchemic slices from the same hearts using a paired (-test.
* P < 0.05; $ P < 0.01; \ P < 0.001. 
C I R C U L A T I O N R E S E
Discussion
The results show that dog cardiac myocytes injured by total ischemia in vitro develop virtually identical signs of injury to those previously observed in severe ischemia in vivo Jennings et al., 1978) . This evidence of severe injury includes defective control of cell volume and ion gradients, signs of cell membrane damage, destruction of the 2Ad pool, and cessation of energy production by anaerobic glycolysis. The marked depletion of ATP and cell membrane damage have been identified as signs of lethal injury in in vivo ischemia (Jennings et al., 1978) . Their appearance in the same sequence during total ischemia in vitro indicates that this is a satisfactory model in which to study the biochemical, functional, and structural changes occurring as cells become lethally injured.
In the studies presented in this paper, our aim was to assess the relationships among the depletion The capacity of control or injured slices to exclude inulin or retain creatine is compared to the A TP content of the tiRftue prior to incubation. The dashed lines mark two standard deviations above and below the control mean IDS and total creatine content, respectively. The data are plotted irrespective of the duration of total ischemia. Overt membrane damage, as indicated by increased permeability to these two markers, did not develop until the tissue ATP content was less than 2.0 jxnwl/g dry weight. Thus overt membrane damage was manifest later than the defective regeneration of HEP (compare with Fig. 8) . 10 20 30 Creatine Phosphate p. moles /q dry weight FIGURE 8 The capacity of control or injured slices to regenerate CP is compared to the two indices of membrane damage, i.e., the IDS and total creatine content. The dashed lines mark two standard deviations from the control means of the three parameters and the data are plotted irrespective of the duration of ischemia. The capacity of slices to regenerate CP was reduced in seven slices in which membrane permeability was not yet increased.
of ATP, the capacity to resynthesize HEP, cell volume regulation, and cell membrane damage. The relationships have proved to be complex. The various facets will be discussed in the next few sections-
Changes in Mitochondrial Function, Cell Volume, and Ion Regulation in Incubated Slices
Slices of myocardium, injured by 90 minutes or more of total ischemia and then incubated in an aerobic medium, were not able to resynthesize HEP compounds or to regulate cell volume or ionic gradients, and, subsequently, the cell membrane became permeable to inulin and creatine. The failure to resynthesize HEP or regulate ionic gradients occurred 15 to 30 minutes earlier and at higher levels of ATP compared to the development of membrane permeability alterations.
The failure of slices to restore the adenylate charge ratio above 0.75 indicates that the slices cannot convert the available adenylate pool to ATP despite the resumption of aerobic metabolism and represents indirect evidence of failure of mitochondrial ATP production, translocation, or both. Further support for this concept is provided by the The capacity of control or injured slices to exclude sodium is compared with the capacity to exclude inulin. The dashed lines mark two standard deviations above the control means of the parameter a. The data are plotted irrespective of the duration of total ischemia. Sodium content was increased in some slices that still had normal mulin diffusible spaces, indicating that defective sodium transport or increased permeability to sodium, preceded the development of overt membrane damage. The relationship between the capacity to resynthesize HEP as manifested by an adenylate charge >0.75 and a normal Na* content is clearly demonstrated.
observation that anaerobic glycolysis alone cannot provide enough ATP to maintain the adenylate charge and to synthesize CP in anoxic slices of control left ventricle (Jennings et al., unpublished observations) . The cause of the depressed mitochondrial function was not established in the present study but could be due to one or more of several general possibilities: (1) the loss of substrate(s) or cofactor(s) essential for aerobic oxidative phosphorylation, (2) inhibition or destruction of mitochondrial creatine kinase and adenine nucleotide translocase responsible for translocation of HEP between mitochondria and sarcoplasm, (3) damage to the structural integrity of the mitochondria, or (4) the presence of excess cytoplasmic calcium and consequent mitochondrial transport of Ca 2+ in lieu of ATP production. Although substrates were not added to the incubating medium in this study, the high lactate content of ischemic slices should have been metabolizable by normal mitochondria. Moreover, the fact that slice lactate content remained increased after an hour of incubation indicates that glycolysis was occurring and that aerobic utilization of this substrate was depressed. Although calcium content was increased to 1.3 mmol/100 g or more in all myocardial slices with a depressed adenylate charge ratio, the point scatter was too great to either support or disprove a causal relationship between the two parameters. The loss of CP synthesis during aerobic incuba-tion of slices of tissue damaged by 90 or more minutes of total ischemia is most likely a reflection of the reduced adenylate charge in the tissue and, as such, would be a secondary reflection of mitochondrial failure. High energy phosphate bonds are transferred between CP and ATP via the creatine kinase (CK) reaction:
During ischemia, ADP, produced by the breakdown of ATP, is available and the equilibrium of the CK reaction is to the right. Thus, CP is converted rapidly to ATP. However, with the resumption of normal aerobic metabolism, much of the ADP is rapidly recharged to ATP and the synthesis of CP is favored. The observed failure to resynthesize CP reflects either loss of CK activity, insufficient ATP or creatine, or a relatively high ratio of ADP to ATP in one or more compartments of the myocyte. Since CP synthesis failed in some slices in which membrane permeability to inulin or creatine was not yet increased, i.e., before washout of creatine had occurred, the initial failure of CP resynthesis evidently was not due to creatine loss. CK loss was not measured in the present studies, but it seems unlikely that it would precede the development of increased permeability to the much smaller creatine molecule.
There are at least three possible mechanisms for the loss of regulation of cell volume and ionic gradients following ischemic injury. (1) Increased permeability to ions may have caused excessive backleaks of ions such that the membrane pumps were overwhelmed. (2) There may have been insufficient HEP available to support the required rate of ion transport. (3) There may have been damage to the membrane bound ion pumps, per se.
Slice electrolyte contents always were deranged most severely when there were also marked increases in membrane permeability to inulin and creatine. In the presence of this evidence of abnormal membrane function, severe derangements in cell volume and ion regulation were expected. However, abnormal slice electrolyte content always became detectable 15-30 minutes before overt membrane damage was detectable by changes in inulin or creatine. This suggests that control of ion gradients was altered prior to the appearance of structural damage to the sarcolemma. Thus, increased permeability to electrolytes may have preceded the development of increased permeability to inulin and contributed to the failure of cell volume regulation.
The appearance of marked alterations in cell volume regulation coincided precisely with the onset of the failure of the slices to resynthesize high energy phosphates. The close linkage between these two events has at least two possible explanations:
(1) Ionic transport occurs via pumps, including-the sarcolemmal Na + /K + ATPase, which require ATP VOL. 49, No. 4, OCTOBER 1981 to function (Skou, 1965; Hokin, 1976) . The inability of the cell to resynthesize ATP obviously would impair cell volume and ionic regulation because of the absence of a source of energy to drive the pump or pumps. (2) Conversely, loss of ionic gradients and, specifically, the presence of excess Ca 2+ in the cell could uncouple oxidative phosphorylation and cause subsequent mitochondrial dysfunction (Lehninger, 1974 , Nayler, 1981 . In other words, mitochondrial dysfunction could cause loss of cell ion transport and/or failure of ion transport could result in mitochondrial dysfunction. Which one of these events precedes and causes the other cannot be determined from the present study. Once either mechanism appeared, a vicious cycle would ensue in which inadequate ATP production would cause failure to remove intracellular Ca 2+ , and in turn, this would further depress ATP production.
Loss of cell volume regulation also could result from damage to the membrane pumps, per se. However, other studies have shown that at least the sarcolemmal Na + /K + ATPase is a stable enzyme complex which is relatively resistent to ischemic injury (Schwartz et al., 1973; Beller et al., 1976; Willerson et al., 1977) .
Membrane Permeability Changes in Incubated Slices
The development of overt membrane damage, as evidenced by permeability to creatine or inulin, occurred relatively late in these studies. This membrane damage never was observed until the ATP of the tissue had fallen below 2.0 jimol/g dry weight and was not invariably present at tissue ATP levels of 1.0 /nmol/g. Increased membrane permeability always was associated with severe defects in mitochondrial function and cell volume and ionic regulation, but the latter defects occasionally were present in slices that still demonstrated intact membranes. Thus, increased sarcolemmal permeability invariably was associated with signs of lethal injury (Jennings et al., 1978) but the metabolic failure of lethal injury was not invariably associated with increased membrane permeability. This observation suggests that a metabolic deficit must be present for a period of time before sarcolemmal disruption is detectable.
The pathogenesis of the sarcolemmal defects is unknown. Small breaks in the plasmalemma of the sarcolemma are detectable by electron microscopy (Jennings et al., 1978) in severely ischemic cells in vivo, and in total ischemia in vitro when the EDS is markedly elevated (Jennings and Hawkins, 1980) . Thus, the increased membrane permeability to inulin ifi apparently caused by these structural changes. We have previously postulated that membrane damage might develop when ATP levels become inadequate to phosphorylate membrane proteins, with resultant activation of membrane phospholipases . However, the present results show that membrane breaks do not necessarily occur quickly following severe ATP depletion. If the defects are related to ATP depletion, the reason for the variable period of time during which the ATP must be markedly depressed before defects develop is not known. In addition to the potential effects of ATP depletion on phospholipase activation, other mechanisms of membrane damage are possible in severe or total ischemia. These include (1) the effect of cell swelling on the sarcolemma due to loss of cell volume regulation, (2) release of phospholipases from lysosomes, and (3) lipoperoxidation.
In conclusion, the results of these studies demonstrate that the events associated with the onset of irreversible injury in vivo also develop in total ischemia in vitro. The slower time course of injury and the larger amount of uniformly injured tissue produced by total ischemia have allowed a more precise comparison of the duration of ischemic injury vs. severity of ATP depletion, failure of cell volume and ionic regulation, development of overt membrane damage, and the development of mitochondrial dysfunction. A decreased capacity to regenerate high energy phosphates develops at variable times, depending on the rate of HEP depletion. This metabolic failure occurs relatively early, when ATP levels in the tissue are as high as 5.0 jumol/g dry weight. Cell volume and ionic regulation fail simultaneously. Each of these defects probably contributes to the severity of the other. It is significant that overt membrane damage has been shown to be a later event in ischemic injury, the pathogenesis of which remains unknown. It may be mediated either by the marked loss of ATP, per se, the loss of cell volume regulation, or other events such as activation of endogenous phospholipases of the myocyte.
